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We review the status of the understanding of dye-sensitized solar cells (DSSC), emphasizing clear physical
models with predictive power, and discuss them in terms of the chemical and electrical potential distributions
in the device. Before doing so, we place the DSSC in the overall picture of photovoltaic energy converters,
reiterating the fundamental common basis of all photovoltaic systems as well as their most important differences.

1. Introduction
Solar energy is one of the most promising future energy

resources. The direct conversion of sunlight into electric power
by solar cells is of particular interest because it has many
advantages over most presently used electrical power generation
methods. Electricity is produced without the exhaust of green-
house gases and without nuclear waste byproducts. The dye-
sensitized solar cell (DSSC) appears to have significant potential
as a low-cost alternative to conventional p-n junction solar cells.
A DSSC consists of a nanocrystalline, mesoporous network of
a wide band gap semiconductor (usually TiO2), which is covered
with a monolayer of dye molecules (usually a Ru dye). The
semiconductor is deposited onto a transparent conductive oxide
(TCO) electrode, through which the cell is illuminated. The TiO2

pores are filled with a redox electrolyte (I-/I3
-) that acts as a

conductor and that is electrically connected to a platinum
electrode. Upon illumination, electrons are injected from the
photoexcited dye into the semiconductor and move toward the
TCO substrate, while the electrolyte reduces the oxidized dye
and transports the positive charges to the Pt electrode. Such
systems can reach solar to electric conversion efficiencies of
about 10%1 but are still not produced on a large scale mainly
because of technical problems such as sealing.

At present, p-n junction solar cells are the most efficient
light-to-electric power conversion devices, and they are produced
in much larger quantities than any other types of solar cell. In
a p-n junction solar cell, the difference in the work function
between the p and n material leads to a spatial variation of the
band energies (reflected in the “bending” of the conduction and
valence bands2), which is thought to be the main origin of the
photovoltaic response. Because of the dominant position of this
type of cell, possible alternatives have not attracted very much
commercial attention. From a fundamental scientific point of
view, most alternatives to the single- or multicrystalline Si cells
have often been described in terms of the models that are valid
for the latter cell types (i.e., a “diode principle” according to

which charge dissociation and charge collection in photovoltaic
devices is determined by a built-in electrostatic field). However,
this approach should be scrutinized carefully, at least for DSSCs
with their nanocrystalline mesoporous electrodes and for most
types of organic solar cells.

The photochemical model used to describe photosynthesis is
also relevant to the description of DSSC operation.3,4 In a
photochemical converter,3 light selectively excites the light-
absorbing molecules, which constitute part of the converter, and
causes a transition of the electronic carriers from a lower, ground
level to a higher-lying electronic level. The system can now be
viewed as being in a combination of a ground and an excited
electronic state. Quasi-chemical potentials of the electrons will
be associated with the system in the ground and excited states
(by analogy to quasi-Fermi levels or, for brevity, Fermi levels5),
and their difference determines the amount of useful work (or
free energy) that can be obtained as a result of light absorption
by such a system. These systems are most often heterogeneous,
with different phases microscopically mixed. With the advent
of DSSCs and plastic solar cells, some of which are much closer
to the photochemical converter than to the photoelectric diode,
it became interesting to look for the common denominator of
these two seemingly distinct classes of converters to identify
their common basic physical features. Recent work has produced
useful ideas in this sense, albeit using extremely idealized
models.6-8 Concerning DSSCs, these are questions that have
been the subject of discussion and some controversy.9-13

The analysis of general principles is scientifically interesting
and useful for understanding new kinds of solar cells, even
though empirical optimization played a major role in the
development of most of today’s best cells. Still, there is room
for models, with predictive power, that can describe the devices.
These can then lead to design of the optoelectronic properties
of the materials, structures and interfaces involved in the system.
Therefore, after reviewing some general photovoltaic principles,
the remaining parts of this review article will be devoted to the
specific aspects of DSSC operation. We will review ideas that
have been proposed and models that are thought to describe
the DSSC and will discuss them in terms of the chemical (µ)
and electrical (ø) potential distributions in the device.115
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2. Photovoltaic Principles

The feature common to all photovoltaic devices including
p-n-junction solar cells, photoelectrochemical cells, DSSCs,
photogalvanic cells, and organic (plastic) solar cells is the ability
to convert solar radiation into electrical power.14 Very general
conditions for photovoltaic action have been indicated in terms
of a light-induced change in the work-function difference
between the two electrodes,15 requiring an asymmetry of the
circuit.16

In general, the process of photovoltaic energy conversion can
be divided into two steps:6,7

(a) electronic excitation of the absorbing component of the
converter by light absorption with concomitant electronic charge
creation and

(b) separationof the electronic charges.
The excitation can be an electron-hole pair in a semiconduc-

tor, an electronic excitation of a molecule, or the production of
excitons. In terms of the two-level system shown in Figure 1,
electronic excitation in the absorber promotes the system into
a high-energy state, with associated electronic energy level,H,
simultaneously creating an electron-deficient low-energy state
with associated energy levelL. The electrons in these two states
are separated by a difference in enthalpy∆E ) EH - EL () (EC

- EV) in the case of a semiconductor), and the departure of the
populations of the states from their thermal equilibrium values
implies a difference in their chemical potential (partial free
energy), ∆µ ) µH - µL (EFn - EFp, in the case of a
semiconductor)116.

The absorber can be a single molecule, a semiconductor
crystal network, or an organic polymer. From the point of view
of thermodynamics, the separation of Fermi levels arises as a
result of the absorber being at a lower ambient temperature,

T0, than the radiation “pump” temperature,Tp (e.g., the sun).6

The same conclusion is achieved by treating the absorption-
emission process as a chemical equilibrium between the photons
and the electronic species in H and L.17 A Carnot cycle
argument17 or statistical analysis6 gives the following upper limit
for the open-circuit voltage:

To produce electrical output, the photogenerated energy in
the absorber must be transferred to the contacts. This can be
regarded as the charge-separation step and can be achieved using
selective contacts to the absorber. We define an ideally selective
contact as one that is transparent to one carrier type and blocks
completely the other. In Figure 1, this is shown by∆µ in the
absorber promoting a change in the Fermi level (electrochemical
potential) of the species in phases B and C with respect to the
dark equilibrium situation.

The separation of charges can be effected by a potential
gradient. This is the conventional way to view p-n cells where
the potential is the electrical potential. As noted recently, the
conventional p-n cell can also be viewed in terms of selective
contacts if the metal-semiconductor (either n or p) halves of
the cell are considered to be such contacts.8 Because this
mechanism of charge separation is more conventional and does
not require further explanation, we will concentrate on other
mechanisms in the following text.

In the generic scheme of Figure 1, selective electrodes B and
C can be treated as filters for each of the carriers (or “valves”18),
which will enable the two metals, Mleft and Mright, to contact
the Fermi levels of the system in the high and low states of the
absorber separately at the external leads. The selectivity of
contacts to electrons and holes can be achieved via potential
barriers at interfaces and by physical layers transparent to only
one species. In addition, it can be achieved by details of
interfacial charge transfer depending both on kinetic rate
constants and on the overlap of the energy levels determining
the transfer events. For example, in a DSSC the contact to the
dye molecules is selective because of the preferential injection
of electrons from the dye in its excited state to the TiO2

conduction band and hole transfer from the dye ground state to
the redox species.

Ideally, B should be reversible to the species in the H state
and blocking to the species in the L state. The opposite
conditions apply to C. It is important to recognize that a
reversible contact to a given species is one that offers no
impedance to such species even when current passes.19

In Figure 1, metal contacts M are chosen to be of identical
composition so that the difference in the Fermi levels in them
corresponds to a difference in electric (Galvani) potentials, and
under open-circuit conditions,Voc ) µlow - µhigh ) ∆µ for
ideally reversible selective contacts. The change in the Fermi
level in phases B and C can be achieved by a modification of
the Galvani potential of the phase and/or by a change in the
concentration of the species (chemical potential).

Another question of key importance is the structure or
geometry of the solar cell. Without aiming at a strict classifica-
tion, it is useful to distinguish two limiting cases. The first is a
configuration in series, where the carrier crossing the entire
device will have a single kind of path for doing so. For example,
this is the standard geometry of multilayered devices. The
second is a heterogeneous configuration, such as in the DSSC
or polymer/fullerene blend solar cells.20 Here, parts of the

Figure 1. Scheme of an idealized photovoltaic converter. It consists
of an absorber, A, in which photon absorption can excite electronic
charge carriers, taking the system from a low-energy (L) to a high-
energy (H) state with energiesEL andEH, as indicated by the arrow.
Such excitation causes a separation of the chemical potentials of the
electrons of the system intoµlow andµhigh, which reflect the free energy
of the electrons in the absorber (i.e., the maximum available free
energy112). Contacts B and C are selective to electrons having energy
equal to or higher thanµhigh and equal to or lower thanµlow, respectively.
These contacts maintain the Fermi levels of the two types of carriers
from the interface with A up to the outer metal contacts. This model
rests on the assumption of completely reversible interfaces for the
carriers for the system in state H from A to Mleft and the complete
blockage of carriers for the system in state L by B. Complementary
conditions hold for C and H and for L and Mright. The only
recombination in the cell is the emission process that takes the system
from state H to state L, as indicated by the dotted arrow.

∆µ ) (1 -
T0

Tp
)(EH - EL) (1)
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selective contacts to the absorber, B and C, are closely merged,
typically on a scale of nanometers. Thus, a carrier going from
Mright to Mleft has distinct paths available for doing so, either
by switching several times between B and C or via a percolating
path of one of these.

An important drive for investigating heterogeneous devices
is the existence of a large internal area where both the excitation
in the absorber and charge separation by the selective contacts
can be realized. The heterogeneous geometry also improves the
collection of incident photons by internal scattering. To these,
we can add the low materials cost, ease of fabrication, and low
processing temperatures that should permit the preparation of
cheap and versatile devices on a large scale. The drawback is
that the coexistence of contacts B and C usually reduces their
selectivity. Direct recombination between these contacts is a
fundamental issue for efficiency and will be reviewed in section
6.

The use of a liquid electrolyte offers a rather effective solution
to the problem of electroneutrality in heterogeneous converters.
In a compact piece of intrinsic semiconductor, it is not possible
to increase the concentration of a single carrier substantially,
simply because carriers will repel each other. In contrast, the
nanoporous structure of the DSSC permits such an increase, as
discussed below, with the assistance of ionic shielding by Li+

or other cations from a dissolved salt in the liquid phase (which
remains highly conducting under all operating conditions of the
solar cell).

In the series device based on macroscopic bulk phases (e.g.,
a p-n junction), the photogenerated electrons and holes are in
the same medium. Therefore, these devices rely on crystalline
purity, a long lifetime, and the passivation of interfaces (to
reduce surface recombination). In the heterogeneous cell, the
carriers, which may or may not be generated in the same phase,
are rapidly separated into different phases. The very high
interfacial area is exploited rather than being seen as a problem.
Interfaces are everywhere, so the critical issue is that they should
be one-way-only interfaces. This is why the selectivity of
contacts is immediately visible in the heterogeneous cells.
Because the open-circuit voltage in all solar cells is controlled
by recombination (apart from other limiting factors), it is not
surprising that the “diode” equation follows both from a series
and a heterogeneous mode of operation;7,21 therefore, the fact
that experimental data follow the diode equation is not indicative
of any particular cell mode.

3. Photovoltaic Devices

With these questions in mind, we now discuss briefly several
kinds of photovoltaic devices, label their high- and low-energy
states, point out their transport mechanism, and show in each
how the required selectivity at the contacts can be achieved.
Thereafter, we will turn our attention to the DSSC. This solar
cell gives the best solutions so far to the different problems
that need to be solved for the efficient functioning of a
heterogeneous converter. Table 1 summarizes the information
provided here.

3.1. Point-Contact Solar Cells.These silicon solar cells,
developed at Stanford University, are unusual in that both
positive and negative contacts are made at the rear surface of
the cell. These cells demonstrated 22% efficiency in 1988 and
have since been commercialized for operation under concen-
trated sunlight.22,23This configuration provides an almost literal
realization of the ideal converter shown in Figure 1 and was
also used in a photoelectrochemical configuration to test basic
concepts of charge separation.24-26 The absorber is a thin layer
of excellent-quality silicon allowing carrier diffusion lengths
that are several times the cell thickness. Photogeneration induces
excess carriers in the bulk material and promotes a separation
of the Fermi levels of electrons and holes in the sample. Because
the absorber silicon layer is only lightly n-doped, the variation
in Fermi levels can be attributed to changes in the chemical
potentials of the two species (note that there are no “majority”
or “minority” carriers in an intrinsic semiconductor) so that the
densities of excess carriers are coupled by electroneutrality and
transport occurs by ambipolar diffusion. Electrons and holes
are separated by electrical potential barriers at point contacts
(n+ and p+ materials) on one face of the sample. The n+ and
p+ contacts constitute distinct selective contacts, B and C, to
electrons and holes. All of the aspects of the model of Figure
1 were carefully checked by experiment on a PEC configura-
tion:25 the nearly complete selectivity of the contacts (e.g., the
n+ point transmits electrons with low impedance and rejects
holes), the flatness of the Fermi levels throughout the photo-
conductor, the diode characteristics, and the carrier motion by
diffusion by both steady-state and transient transport measure-
ments. The departure from ideality arises from surface recom-
bination.25

3.2. Photogalvanic Cells.In the photogalvanic cell, a dye in
solution is photoexcited, and the photoexcited chromophore

TABLE 1: Summary of Photovoltaic Cell Configurations

phenomenonf
Vtype of solar cellV

light
absorbed bya

type of mobile
charges in deviceb

contact selectivity
for charge carriers current mechanism

p/n junction semiconductor electronic electric field drift; some diffusion possible
point contact semiconductor electronic (+ ionic,

for pec variant)c
electric field due
to contacts

diffusionc (electronic charge
carriers); diffusion for ions
(drift near the contacts)

photogalvanic dye ionic electrochemical kinetics ion diffusion
photoelectrochemical (PEC) semiconductor electronic and ionic electric field and

electrochemical kinetics
ion diffusion and electronic

charge carrier drift
nanoporous

photoelectrochemical (PEC)
semiconductor electronic and ionic electrochemical kinetics diffusion

organic semiconductor electronic (e.g., via
excitons)

nature of organic material and/or
its interface with the contacts

can be diffusion or drift,
depending on cell type

surface-sensitized
Schottky barrier

dye electronic ballistic, electric field ballistic and drift

dye-sensitized (DSSC) dye electronic and ionic energy level (mis)match between
molecules and semiconductor;
electrochemical kinetics

diffusion

a Also reflects the nature of high/low energy states; see the text, section 3.b In the external circuit, between the metal contacts, these will always
be electronic.c Contact selectivity is also apparent in the amorphous Si (a-Si:H) p-i-n cells. There, transport is by drift in the i region rather than
by diffusion, as in most of the volume of the point contact cell. (See, for example, ref 114.)
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reduces the oxidized form of a redox species in solution. In
this solar cell, the solution is the absorber phase, and it is
contacted by two metallic electrodes with different selectivity
to the redox reaction. Photogalvanic cells have performed only
at very low efficiency and stability. Conversion efficiencies of
about 0.5% (for 30 min) are typical for the best performance of
this type of cell.27

3.3. Photoelectrochemical Cell (PEC).The heart of this type
of cell is the junction between a semiconductor electrode and a
liquid electrolyte. Its mode of action is well described in a
manner analogous to that of the basic p-n junction cell with
some differences as noted in Table 1.28

3.3.a. Porous, Nanoparticulate PEC.Of particular interest
to us here is a PEC, made with a porous nanoparticulate
semiconductor electrode. In such a photoelectrochemical cell,29

light is absorbed by the nanoporous semiconductor. Thus, both
electrons and holes are present in the semiconductor, in contrast
to the case in the DSSC where only one carrier type exists in
the semiconductor. Charge-carrier separation is due to kinetic
differences in the charge transfer of electrons and holes30 to
the electrolyte. If one charge is more readily injected into the
electrolyte, then the other accumulates in the semiconductor and
will flow by diffusion to the back contact. Direct electron-
hole recombination in the semiconductor is low if the charge
transfer to solution is much faster than the direct recombination
rate. Recombination can also occur by the injection of the other
charge into the electrolyte (the equivalent of back electron
transfer from the semiconductor to the electrolyte in the DSSC).
Surface states acting as traps may play an important role in
this cell by facilitating preferential charge transfer to the
solution.31

3.4. Organic Cells.Several configurations of solar cells using
conjugated polymers (CP) as the light absorber have been
studied. We mention first a very simple one that closely follows
the principle of Figure 1.32 It is a three-layer device n-TiO2/
CP/p-CuI where the central polymer absorber is contacted by
semiconductor layers selective to electrons (n-TiO2) and holes
(p-CuI). In common with many other CP-based cells, low
conversion efficiencies (ca. 0.5%) were obtained. Another
configuration that is usually employed is a sandwich of a single
organic layer between asymmetric metal contacts, with a low-
work-function metal on one side and a high-work-function metal
on the opposite side. (For a review, see ref 20.) Cells employing
organic semiconductors (OSC) as light absorbers and selective
contacts (e.g., n-TiO2/n-OSC/p-OSC/Au) achieve similar ef-
ficiencies.33

Power-conversion efficiencies up to ca. 1% have been
obtained using two thin (tens of nanometers) organic layers.34

Often, the open-circuit voltage in this kind of device is attributed
to the difference in the work functions of the electrodes, although
recent research has shown that the difference in the work
functions of the contacts is not the major determining factor
for photovoltage in most cases. An investigation of polyfluorene-
based bilayer photovoltaic devices found the open-circuit voltage
to be much larger than the difference in the electrode work
functions (by∼1 V).35 Furthermore, a photovoltage of 0.7 V is
obtained using symmetric gold metal contacts in the devices.35

Another study of donor/acceptor porphyrin bilayers interpreted
the observed photovoltaic effect in terms of the interfacial
kinetics of electron transfer.9

Heterogeneous configurations in which the two phases are
mixed as interdispersed networks on the nanometer scale have
yielded more promising results. In the extensively studied donor
(CP)-acceptor (most often a small molecule-like functionalized

fullerene) system, light is absorbed by the polymer, and electrons
are transferred to the fullerene.20,36,37This cell also requires that
the heterogeneous layer is sandwiched between two materials
with different work functions (e.g., Al, 4.3 eV, and ITO, 4.7
eV).20 However,Voc is relatively independent of the contact
metals and is determined by the energetics of the CP/acceptor
pair.38 To explain these trends, we suggest a simple interpretation
of the open-circuit voltage based on the concepts introduced in
section 2.

The electron-selective contact to the CP absorber is composed
of two materials (ITO, fullerene), which represent B1 and B2 in
Figure 1. In the first step, the fullerene molecules in the blend
accept electrons from the absorber and reject holes; in the second
step, the Fermi level of the cathode (e.g., ITO) should equilibrate
with the electron Fermi level in the fullerene. Thus, the ITO/
fullerene interface should be reversible to electrons. But the CP
in the blend is also in contact with the ITO, so the ITO should
reject holes. This last effect is facilitated by a layer of poly-
(3,4-ethylenedioxythiophene) (PEDOT) that is a poor electron
conductor and notably improves the selectivity with regard to
holes. Thus, the important property of the metal contacts is not
their difference in work functions but rather the ability to
exchange the electrons reversibly and block the holes and vice
versa for the other metal. Of course, a low-work-function metal
will favor the former function, and a high one, the latter function.
This suggested mechanism of selectivity at the interface also
holds for organic-inorganic hybrid devices39 and is very similar
to that of the DSSC.

3.5. Solar Cell with a Single Phase Contact to the
Molecular Absorber. A new type of solar cell proposed
recently40 is shown schematically in Figure 2. This cell has a
dye/Au/TiO2 serial structure. Photons incident on the molecular
absorber cause the separation of Fermi levels in the TiO2 and
the Au, decreasing the band bending at the Au/TiO2 space-

Figure 2. Scheme of a solar cell with a single physical contact to a
molecular absorber (merbromin dye)40 at open circuit. Photons excite
the absorber (dye) from a low electronic energy (EL)112 to a high
electronic energy (EH) state, as indicated by the arrow. This causes a
separation of the chemical potentials of the electrons for the system in
the L and H states, whereµD and µD* are the electron chemical
potentials of the unexcited and excited dye molecules, respectively.113

Photoexcited electrons are injected when the dye is in the H state by
ballistic transport through the thin Au layer and relax in the TiO2, as
indicated by the small arrow. B and C refer to the selective contacts to
the absorber, indicated in Figure 1. The open-circuit voltage is given
by e∆µ, the difference between the (quasi)Fermi level of conduction-
band electrons in TiO2, by EFn

/ ) µD*, and that of electrons in the Au
layer, byµD. Mleft and Mright are as defined in section 2 for Figure 1.
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charge region. But the remarkable point is that the TiO2 is not
in direct contact with the dye, which lies on top of the Au layer.
Thus, contact selectivity is achieved with a single material
contacting the absorber. The contact to the system in the low-
energy state of the absorber (EL) is the Au layer, where the
Fermi level of thermalized electrons communicates with the dye
in its electronic ground state. The selective contact to the dye
in the high-energy state is obtained by virtue of the Au layer
being very thin and allowing the ballistic transfer of electrons
to the TiO2. Therefore, the contact corresponding to B in Figure
1 consists of the combination (AuH, TiO2), where the superscript
refers to high kinetic energy states in the gold layer. Recom-
bination or decay processes are not shown in Figure 2. A key
point for maintaining the selectivity of the contacts is to avoid
electron transfer from TiO2 to Au. A respectable internal
quantum efficiency of 10% was reported for this cell.40

4. DSSC as a Heterogeneous Converter

The general features of a DSSC are summarized in the
schemes of Figure 3, starting with the dark equilibrium situation
in Figure 3a. Upon illumination (Figure 3b), electrons are
injected from the photoexcited dye into the semiconductor and
move toward the TCO substrate, while the electrolyte reduces
the oxidized dye and transports the positive charges to the Pt
electrode. As shown in ref 41, the difference between the
electron Fermi level in TiO2 and the redox potential of the
electrolyte, which corresponds to (eVOC), measured between the
TCO and the Pt counterelectrode, equals the difference in the
electron chemical potentials of the dye in the ground and excited
states,E*Fn - Eredox ) µD* - µD. Figure 3c shows the
heterogeneous structure of the DSSC, consisting of two
interpenetrating but spatially separated conducting channels. This
separation is important for the functioning of selective contacts.
As noted above, the contact to the dye in the high-energy state
is formed by the TCO-supported TiO2 layer, and the redox
couple forms the selective contact to the dye in the ground state
of the dye (Figure 3b). For convenience, these three phases will
be denotedR, â, andγ, respectively, as indicated in Figure 3.
Because of the small size (about 10 nm) of both of the
semiconductor particles and the voids between them, the merged
structure represented in Figure 3c allows an enormous increase
of electron density in phaseâ with ionic shielding from phase
γ,42 while providing independent channels for the transport of
the respective carriers. Therefore, charge screening can be
achieved because of the mesoporous nature of the system.11,43

A fundamental step in the transfer of free energy from the
dye to the TCO is the increase in the electron chemical potential
in the TiO2 film, resulting from dye injection, as indicated in
Figure 3b and also in Figure 4. The essential electrical quantity
that relates a change in carrier concentration to a change in
potential is the capacitance. Assuming that the TCO/TiO2

contact is reversible, the local electrochemical potentials of
electrons at the contact,-eV, and at the Fermi level in the
semiconductor network are related simply as-e dV ) dEFn.44

The capacitance per unit volume in the nanoporous film (C )
dQ/dV) is therefore

The density of conduction-band electrons is normally well
described by the classical distributionn ) n0e(EFn-EF0)/kBT, where
n0 is the dark equilibrium value. Assuming that the lower edge
of the conduction band does not shift, the variation of the Fermi

level in eq 2 corresponds exclusively to the variation of the
chemical potential of the electrons. In this case, the capacitance
of eq 2 can be termed a chemical capacitance and takes the
form

Therefore, we can recognize the dominance of the chemical
capacitance in the photoelectrode by an exponential dependence
of the capacitance on the substrate potential. The different
contributions to the capacitance that is actually measured are
indicated in Figure 5, as obtained from electrochemical imped-
ance42,45,46and cyclic voltammetry.44 The exponential capaci-
tance is indicated in region B of Figure 5. The chemical
capacitance in the DSSC (sometimes called the conduction-band
capacitance) can be probed also by electro-optical tech-
niques.47,48

Electroneutrality requires that the increase in charge of the
particles, due to electrons, will be balanced by a corresponding
increase in positive-ion charge at the semiconductor/electrolyte,
R/γ interface. Surface charging changes the potential difference
across the Helmholtz layer,∆φH, producing an upward shift of
the semiconductor energy levels (cf. Figure 5b and c). Then,
the measured capacitance will be given byC ) (Cch

-1 +
CH

-1)-1.
Very often the chemical potential of the electrons dominates

the total substrate electrochemical potential in the range of
interest. A striking demonstration of this is provided by the
correlation of the electronic conductivity with the electrode
potential.49 By combining two experimental techniques, elec-
trochemical impedance spectroscopy (EIS) and the coplanar
electrode-gap configuration, the electronic conductivity in
nanoporous TiO2 in aqueous solution can be monitored as a
function of the electrode potential. As a result of electron
accumulation, the conductivity varies over more than 8 orders
of magnitude up to a maximum of 3.7× 10-3 Ω-1cm-1.49

Recent impedance measurements of DSSCs have interpreted
the above-mentioned exponentially increasing capacitance in
terms of junction properties.50,51Such an interpretation suggests
that the capacitance that is measured as a diffusion capacitance
should be equivalent to an electrostatic capacitor. However,
whenever it is possible to separate the electrochemical potential
into standard contributions of electrostatic potential (Galvani)
energy and chemical potential, there will be both electrostatic
and chemical contributions to the capacitance. The chemical
capacitance can be defined from thermodynamic consider-
ations.52,53 It reflects the capability of a system to accept or
release additional carriers due to a change in their chemical
potential. Energy is stored in the chemical capacitor as a change
in entropy.54 When the chemical capacitance is combined in
networks with resistances to describe dissipative processes,53

transmission lines that are characteristic of diffusion are
obtained,54 as has been shown explicitly for nanostructured
semiconductor electrodes.46,55 However, if diffusive transport
is fast, then the diffusion resistance will be small and can be
neglected. Then, only the capacitive component and the radiative
recombination resistance remain, and these are indeed the
necessary elements in the equivalent circuit of a PV converter.
Therefore, although any type of solar cell needs a capacitive
element,50 this element need not be an electrostatic one. The
chemical capacitor realizes the function of converting excess
carriers, induced by light, into an increase of the electrochemical

C ) -e
dn
dV

) e2 dn
dEFn

(2)

Cch ) e2

kBT
n ) e2

kBT
n0e(EFn-EF0)/kBT (3)
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potential of the electrons, which is what ultimately produces
the open-circuit voltage.

5. Open-Circuit Voltage in Dye-Sensitized, Mesoporous,
Nanoparticulate Cells

We now ask, what is the basic cause of the photovoltage in
a DSSC, and which factors determine its limits? To address
this question, we first consider the maximum theoretical
photovoltage achievable in theory in a perfect DSSC device.

Photon energy is first converted into chemical potential energy
in the dye molecules where light absorption occurs, creating
an electron-hole pair having a free energy at most that is nearly
equal to the dye absorption edge, 1.8 eV for commonly used
Ru dyes (cf. eq 1). From this point on, all processes are
dissipative and lead to a reduction of the useful (electrical)
output energy. Because the actual (rather than the theoretical)
open-circuit voltage will ultimately be limited by recombination,
it is useful to look for a practical upper limit based on the known
energetics of the device.

The most widely used model starts from the assumption that
TiO2 behaves as an intrinsic semiconductor. Charge injection
by the dye into such an intrinsic material raises the (quasi)-
Fermi level5 (EF*) of TiO2 to close to its conduction-band edge
{EF*(TiO2) ≈ EC(TiO2)}. Then, assuming that the Fermi level
is constant between the TiO2 particle and the conducting oxide
substrate{EF*(TiO2) ≈ EC*(TiO2)} (see Figure 3b),EC(TiO2)
is taken as the maximal electrochemical potential of the electron
in the electrode. At the same time, the counterelectrode is
assumed to take on the potential of the electrolyte (Eredox). With
both of these assumptions, the model then gives the photovoltage
asEC(TiO2) - Eredox.

If many electrons accumulate in the porous TiO2 structure,
then a Helmholtz field will be present at the TiO2/electrolyte
interface (cf. Figure 4), which will shift the band edges, in
particular,ECB(TiO2), with respect to the redox potential. Such
a band shift of TiO2 can proceed in principle up toELUMO, and
the open-circuit voltage,EC(TiO2) - Eredox, gains an additional
component by the amount that the TiO2 band shifts. In principle,
at ECB(TiO2) ) ELUMO, electron injection from the dye would
be suppressed. However, it has been shown56 that the dye can
inject hot (nonthermalized) electrons from (vibronically) excited
energy levels above the LUMO, something that will further
increase the upper limit to the open-circuit voltage. It was also
shown that the redox potential of the dye partially shifts when
ECB(TiO2) moves negatively. (The dye shift depends on the
location of the redox center of the dye in the dye layer.57) In
this case, one may get an even higher open-circuit voltage that
is limited by the dye-regeneration process.

The assumption of constant electrochemical potential between
the region just outside the Helmholtz layer around the TiO2 and
the counterelectrode is very likely a reasonable one at or near
open-circuit conditions (i.e., at low current densities). However,
as the current increases, changes will occur in electrolyte
composition; therefore, under illumination the assumption may
not hold universally. Comparing the average pore size with the
thickness of the diffuse layer in the electrolyte provides a simple
criterion for this. Namely, as long as the pore size is larger than
the diffuse layer thickness there should be no significant
potential drop due to a concentration gradient of redox species.

Actually, some potential drop, electrical (∆φ) or chemical
(∆µe

0), exists at the TiO2/TCO interface (but naturally, in
electronic equilibrium the electrochemical potential difference
will be zero).43 Indeed, some experimental and theoretical
evidence for such a potential drop exists, and it has been

Figure 3. Scheme of a DSSC. (a, b) Selective contacts to the dye
molecule (light absorber) in the excited and ground electronic states
with energiesEH andEL.112 Contact B is formed by a combination of
the nanostructured TiO2 and the TCO. The conduction band (Ec) in
these materials is indicated also. Contact C to the low-energy state of
the dye is the redox electrolyte. (a) Dark equilibrium situation in which
thermal excitation is balanced by radiative emission and the semicon-
ductor Fermi level,EFn, remains in equilibrium with the redox level in
the electrolyte,Eredox. (b) Situation under photogeneration at open circuit.
µD and µD* are the chemical potentials of the unexcited and excited
dye molecules, respectively.113 The model assumes completely selective
contacts. This means that phaseγ can only inject electrons into the
dye and phaseR can only accept electrons from the dye. Under these
conditions, the Fermi level in the semiconductor,EFn

/ , equilibrates to
the chemical potential of the excited electrons in the dye,µD*. EFn

/

rises aboveEredox ) µD (the change in occupancy of the dye ground
state is relatively low), and-eVoc ) ∆µ ) µD* - µD, as shown in
Figure 1. In reality, if phaseγ (electrolyte) accepts electrons from phase
R (TiO2), then the Fermi levels can be straight in both selective contacts,
as shown in b, but their difference will be lower than the chemical
potential difference in the absorber (dye). If the interfaceâ/R is not
completely reversible to electrons, then there will be a drop in the Fermi
level toward the TCO. This will also happen ifγ accepts electrons
from â (TCO). (c) Scheme of the structure of a DSSC showing the
spatially separated phases and the dye molecules adsorbed on the
surface. The size of particles and voids is typically in the 10-nm range.
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suggested that this difference in electrical potential between the
conducting oxide and the TiO2 in the dark is the source of the
photovoltage in the DSSC.11 Because the neutralization of an
existing (dark) electric potential difference is involved, this
would make this cell similar to a normal p-n junction. However,
we have already argued above and have shown with examples
that the work-function difference is a criterion that applies to a
restricted class of solar cells. In general, the efficient selectivity
of contacts can be achieved by electron-transfer kinetics to the
materials contacting the light absorber. It would appear that the
interpretation of the photovoltage in DSSCs, suggested in ref

11, does not consider the roles of the absorber and the selective
contact that we distinguished in section 2. In the DSSC, the
cause of photovoltage is the creation of high-energy carriers in
the (dye) absorber (where the primary splitting of quasi-Fermi
levels is produced), and the selective contact is a necessary
condition for obtaining a photovoltage in the outer circuit. The
translation of chemical potential to electrostatic potential at the
TCO/TiO2 interface is a key point in the operation in the DSSC
(cf. Figure 6), although it is not the origin of photovoltage. Still,
the analysis in ref 11 has prompted intensive investigations of
this crucial step of the DSSC.58-61

We can now summarize our understanding of the photovolt-
age generation in a DSSC by looking at how the Fermi level
(electrochemical potential of the electrons), the chemical
potential of the electrons, and the electrical potential vary across
a typical cell structure. This is shown in Figure 6 for the models
described here. The Figure shows that, irrespective of the model,
the light-induced change in chemical potential of the electrons,
which leads to the electrochemical potential shift at the elec-
trolyte/TiO2 interface, is converted into the change in electro-
static potential at the TiO2/TCO interface.

6. Recombination

Recombination in DSSCs relates to the reaction of the
photoinjected electrons, located in the electron-selective material
contacting the dye (the TiO2), with electron acceptors such as
oxidized ions and electron scavengers, located in the hole-
selective phase (electrolyte) or the oxidized dye molecules at
the interface between the two phases. These processes decrease
the cell performance by affecting all cell parameters (i.e., open-
circuit voltage (Voc), short-circuit current (Jsc), and fill factor
(FF)). The effect of recombination onVoc is often discussed in
terms of relative rates (photoinjection versus recombination) or
the lifetime of the photoinjected electron in the nanoporous
network. The way the short-circuit current is affected by

Figure 4. Idealized schemes of the energetics of the DSSC in the dark
(a) and upon illumination: at open circuit,Voc (b, c); at short circuit,
Isc (d); and at maximum power,Pmax (e). The schemes emphasize the
omnipresence of a potential drop across the Helmholtz layer, ∆ΦH,
and the effects of possible band-edge shifts due to a change in the
Helmholtz potential (cf. double-headed arrows in b and c, which indicate
maximum possible photovoltages).

Figure 5. Capacitance (b) of nanostructured TiO2 in aqueous solution
(pH 11) obtained from impedance measurements. The lines are a guide
to indicate the domains where different capacitive components are
dominant, as indicated in the scheme of a dye-sensitized nanoporous
electrode (a). At positive potentials, the TiO2 matrix is insulating, and
the measured capacitance is that of the Helmholtz layer at the interface
between the exposed surface of the conducting substrate and the
electrolyte (A).45 At intermediate potentials (B), the electrode potential,
V, moves the electron Fermi level,EFn, with respect to the lower edge
of the conduction band,Ec, in the semiconductor nanoparticles. The
capacitance is a chemical capacitance due to the increasing chemical
potential (activity≈ concentration) of electrons in the TiO2 phase. At
very negative potentials, the semiconductor matrix is electronically
conductive, and the constant capacitance at the oxide/electrolyte
interface (C) dominates. In C, the capacitance is much larger than in
A because of the larger area. In A and C, the energy storage in the
capacitor is electrostatic, but in B it is entropic.

Figure 6. Schematic potential energy diagram of an idealized (1-D)
(dye+ TiO2)/TCO/electrolyte system. The top left diagram shows the
profiles of the chemical (µn), electrostatic (φ), and electrochemical (EFn)
potentials for the situation described in ref 51, where an electrostatic
potential difference exists in the dark at the TCO/TiO2 interface. The
top right diagram is the same, but in the absence of a built-in
electrostatic field at the TCO/TiO2 interface. The arrows indicate the
direction of changes induced by steady-state illumination of the solar
cell. The bottom diagram shows where the light-induced changes occur
in the chemical (∆µn), electrostatic (∆φ) and electrochemical (∆EFn)
potential profiles. Note that the bottom diagram relects the changes
for BOTH starting situations, that with and the one without the dark
electrostatic potential difference at the TCO/TiO2 interface! In each of
the diagrams, each of the potentials has a separate reference level, i.e.,
they are drawn one under the other for clarity’s sake only.
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recombination is described in terms of diffusion length or
collection efficiency. Between these two extremes, the influence
of recombination on the FF integrates the various processes that
affect the potential-dependent recombination rate.

The following discussion on recombination in DSSCs will
first relate to the microscopic details of this process. Two main
issues are considered: First, the electrochemical behavior of
the nanoporous semiconductor electrode and the redox mech-
anism of the electron acceptors (mainly I-/I3

- because this redox
electrolyte and close derivatives are presently the only efficient
ones for DSSCs). In the second part, we will discuss macro-
scopic behavior with the understanding that the recombination
parameters across the cell are not uniform. Finally, we review
methods, both those that have been used and possible future
ones, to reduce the recombination rate.

6.1. Microscopic Details of Recombination.Three electron
acceptors can participate in the recombination process: the
oxidized dye molecules, oxidized electrolyte species, and
electron scavenger contaminants in the system. The latter may
be relevant to the initial operation of the cell, after which they
will be fully consumed, unless the electrochemical reaction is
fully reversible. No effect on the cell is expected because of
the large redox ion concentration. Recombination involving the
oxidized dye has been studied extensively and was found to be
much slower than the regeneration of the dye by the iodide ion,
provided that the ion concentration is higher than 30 mM.62-65

Because the iodide concentration in standard DSSC electrolytes
is much higher than this (typically 500 mM), the primary
recombination loss mechanism is between those of the injected
electrons and the oxidized ions in solution.

The I-/I3
- couple provides two electron acceptors: I3

- and
I2

-. The rate of recombination with each of these species
depends on their concentration (i.e., rate∝ [oxidized ion]x with
reaction orders (x) that probably exceed 1).47,66Recently, it was
shown that the recombination path depends on the illumination
intensity.67 The electron reaction with I2

- becomes kinetically
favorable only at high light intensities (high injection rates).
Under normal solar conditions, the recombination with I3

-

dominates, which makes it the only relevant process from a
practical point of view.67,68

Since the early days of DSSCs, it was clear that recombination
in this system does not obey the simple diode equation. A
correlation between the open-circuit voltage and the logarithm
of the illumination intensity does not provide a simple linear
relation, and the slopes are approximately half of the expected
value. In addition, various independent techniques such as
intensity-modulated photovoltage spectroscopy (IMVS)47,66and
open-circuit photovoltage decay69 reveal a nonlinear dependence
of the electron lifetime in TiO2 electrodes on the electron
density. Figure 7 presents the basic uncertainties regarding the
electrochemical recombination process of the injected electrons
with I3

- in the solution. For a recombination event to occur, an
electron first has to reach the surface of the TiO2 particle
(process A). There is some controversy in the literature regarding
the electron distribution in the particles and their transport
mechanism.64,70,71Several articles have suggested a diffusion-
limited recombination mechanism where the electron effects a
random walk displacement through the nanoparticle (in some
cases, a continuous-time random walk, CTRW) before finding
a target recombination site on the surface.64,71-73 Other ap-
proaches emphasize the interfacial events:70,74 once at the
surface, the electron may react through surface states by
intermediate trapping events (B), from the conduction-band level
(C), or by a combination of the two. The reaction path may

also depend on the electron density in the TiO2. Although the
existence of a large number of surface states is commonly
accepted, their distribution in the gap is still under discussion.
The two possibilities presented in Figure 7, low-energy localized
states (D) and an exponential distribution of states toward the
conduction-band level (F), were proposed on the basis of
electrochemical, photoelectrochemical, and UPS studies.74,75

Although usually only one possibility is considered, both may
coexist.

The path of the recombination reaction affects the recombina-
tion kinetics with respect to two issues, viz., the relevant electron
density in TiO2 and the coupling of the electrons with the
electrolyte acceptor states, which can alter the reaction rate by
orders of magnitude. (The density of the electrolyte acceptor
states is presented qualitatively in Figure 7, right.) In the
presence of surface states, as the Fermi level shifts negatively
toward the conduction band, the increase in the recombination
rate will reflect the intragap surface states’ distribution. When
an exponential distribution is assumed (Figure 7, left), the rate
changes by a power law. Recent measurements70 support a
picture of localized states in the gap (D in Figure 7). In this
case, once the states are filled, recombination reaches a
maximum rate at relatively low illumination intensities, after
which a steep rise inVoc will result from any increase in the
injection rate. In standard DSSCs, the sharpVoc increase occurs
around 200 mV,66 lasting for several tens of millivolts before
the recombination rate increases again, showing a dependence
on theVoc value (Salvador, P., private communication). One
may attribute this last effect to recombination via the conduction
band (process C in Figure 7) or to a negative shift of the TiO2

bands due to the charging of the system (i.e., unpinning of the

Figure 7. Schematic representation of the steps involved in the
recombination between the photoinjected electron and the oxidized
species in the electrolyte.EF0 shows the position of the Fermi level in
the dark, equilibrated with the redox potential (Eredox) of the acceptor
species in solution.EFn is the (quasi)Fermi level of electrons under
illumination, andEc is the conduction-band energy. The following steps
are indicated: (A) Electron transport; (B) capture by surface states;
(C) electron transfer through the conduction band; and (D) deep
monoenergetic and (F) exponential distribution of surface states. On
the left side, we show the density of electronic states in the TiO2

nanoparticles, and on the right side, the fluctuating energy levels of
oxidized species in solution according to the Marcus-Gerischer model.
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recombination level46). The latter may describe theVoc limit,
which seems to be independent of the electrolyte potential.76,77

In other words, Voc may be limited by the shift of the
recombination level into a range of energies that allow “high
coupling” with the redox electrolyte, where coupling is the
product of the rate constant and the concentration of acceptors
near the surface. We note that the distribution of redox states
with respect to the redox potential (the DSSC reference) is
approximately similar for all organic electrolytes.

6.2. Macroscopic Picture.The macroscopic picture of the
recombination process(es) has not yet been deciphered. The
system contains at least two electrode materials, TiO2 and TCO
(Figure 3), the charge injection is not uniform through the film,
and finally, the electrolyte concentration that depends on the
local injection rate and the diffusion to the counterelectrode can
vary across the film. At this point, there are not enough data
on the ion concentration across the film, which makes it difficult
to obtain a clearer picture. However, it is commonly accepted
that exposed TCO is a more efficient recombination center (â
f γ in Figure 3) than TiO2. Indeed, recently it was shown that
recombination at the TCO and at the first TiO2 layers near the
TCO is faster than that at the rest of the TiO2 film, generating
a constant current flow under open-circuit conditions.61 Other
studies show that blocking of the substrate increases the cell
performance.33,78 However, several issues need to be better
clarified, viz., the role of TCO in recombination and the relevant
TiO2 parameters under operating conditions.

6.3. Methods to Reduce the Recombination Rate.The
effort to minimize recombination is aimed at two regions of
the nanoporous electrode: the high-surface-area nanoporous film
and the uncovered area of the conductive substrate (i.e., electron-
transfer stepsR f γ andâ f γ, respectively, in Figure 3c). In
principle, these transfer reactions can be suppressed completely,
according to the analysis given in section 2.

The high surface area of the semiconductor (R in Figure 3)
enhances recombination there. At the conductive substrate (â
in Figure 3) recombination depends on the electrocatalytic
activity of the TCO to any electron acceptor (in practice, I3

-)
in solution. To minimize this recombination, the electrocatalytic
activity should be as low as possible. There are two strategies
to reduce this activity. In one, the TCO is coated with a thin
compact layer of the same material as that used for the
nanoporous film. This film normally has lower electrocatalytic
activity towards I3- reduction than the TCO. Because the
blocking material is an intrinsic or n-type semiconductor, it will
block increasingly less effectively as the electrode potential shifts
negatively towards Voc due to electron accumulation in this
layer. In the other approach, blocking materials such as poly-
phenoxide are electrodeposited selectively in the areas of the
substrate exposed to the electrolyte.33

The blocking of the semiconductor is complicated by the
presence of the dye that must be connected directly to the
semiconductor. Here, also, one may distinguish two approaches.
The first approach physically blocks the electrode area that is
not covered with dye. The second approach involves the
formation of an energy gradient that directs the electrons toward
the substrate. Physical blocking involves the adsorption of
insulating molecules or the polymerization of an insulating layer
on the semiconductor surface after dye adsorption. For example,
dip coating of 4-tert-buytlpyridine and polymerization of PPO
were tested.33,79 The energy-gradient approach involves com-
posite material nanoporous electrodes in which the two materials
differ by their electron affinity16,80 (i.e., their conduction-band
potential81-84). This approach requires a specific electrode design

that ensures that the electrons will not encounter energy barriers
while diffusing to the current collector. The core-shell elec-
trode, consisting of an inner semiconductor matrix coated by a
thin shell with a more negative conduction-band potential,
ensures the free diffusion of electrons to the current collector.
Using these electrodes, one can significantly increase the
efficiency of the DSSC via the improvement of all cell
parameters.84,85 In some cases, the improvement of the conver-
sion efficiency is achieved by a negative shift of the conduction-
band potential rather than by the formation of an energy barrier,0

resulting in a significantVoc increase but with no effect on the
other parameters.84,86,87 The core-shell approach has an ad-
vantage over other approaches in that it does not interfere with
the dye that is adsorbed after electrode preparation.

7. Transport and General Device Modeling

In section 2, we described a basic scheme of a solar cell where
two phases separately contact the light absorber, and these
phases also realize the efficient transport of electronic species.
In reality, the simultaneous transport of several carriers in
heterogeneous systems requires the careful consideration of a
number of points, especially the coupling of the different carriers
by electroneutrality, which places strong constraints on the
permitted densities and also on transport rates. This is known
from extensive experience with batteries,88 membranes, and
conducting polymers.

The DSSC, in particular, is a multiple carrier device involving
the transport of three electroactive species e-, I-, I3-, which
participate in charge-transfer reactions at several interfaces, plus
the inert species (counterion) Li+. The photooxidized dye (D+)
is positively charged but is immobile. Therefore, a total of five
different species participate in charge compensation to satisfy
local neutrality. Furthermore, the semiconductor network is a
highly disordered medium. Electron transport through it is
probably not a simple displacement through extended (conduc-
tion band) states as in a homogeneous, crystalline semiconduc-
tor. It is likely to be affected and even dominated by a large
concentration of localized states, either inside (bulk traps) or at
the boundaries (surface states) of the nanoparticles, and probably
also by interparticle barriers.

To deal with a heterogeneous system of disordered geometry,
it is useful to reduce the multidimensional problem to a 1-D
one in the direction of the net macroscopic flux of the
electroactive species, normal to the outer electrode planes. The
averaging volume is taken to be larger than the dimension
defining configurational disorder in the system so that the system
is treated as an effectively homogeneous one.12,14,59 It is also
important to maintain the distinction between the two phases
existing in the system in order to describe separately the
electrical (Galvani) potentials in them,φi, with i ) s (solid) or
l (liquid).89 Local charge neutrality is the fundamental require-
ment that total charge in the averaging volume element equals
zero:

Several types of constraints define the transport model:
-the continuity equations for the different species, locally

relating the rates of variation in the concentration of particles
and the divergence of their flux;

-the constitutive equations (or transport equations) that relate
the macroscopic flux of each species to the corresponding
driving force (the gradient of the electrochemical potential);

cLi+ + cD+ - n - cI- - cI3
- ) 0 (4)
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-substituting the constitutive equation into the continuity
equation for each species yields the evolution equations that
relate the time and position dependence of the carrier concentra-
tion to the external perturbations (such as carrier generation).

Complete formulations of the classical evolution equations
for all the species in a DSSC are available.90,91These equations
must be complemented with boundary conditions describing the
fate of each species at the macroscopic boundaries. The simplest
conditions are the reflecting (or blocking) boundary condition
for an impermeable boundary and the reversible contact, already
discussed above in terms of zero impedance and the continuity
of the quasi-Fermi level, equivalent to an ohmic contact (to the
species in question) that implies no hindrance to crossing the
interface.

One consequence of this general framework is that the inert
mobile species, the Li+ in this case, cannot move in a steady-
state situation. Indeed, a net flux of Li+ ions in some direction
would imply their indefinite accumulation at the boundary,
which is absurd. Although a flux of inert ions cannot exist, an
interaction that retards the displacement of electrons, according
to the conditions of local shielding, may not be excluded. In
this way, ionic mobility can become a limiting factor for electron
diffusivity, and in fact the dependence of the electron diffusion
coefficient on the electrolyte properties is well documented.92-94

Otherwise, the diffusion of the oxidized species of the electrolyte
to the Pt electrode is not generally thought to limit cell behavior
because of the high concentration of I3

- ions. Commonly used
electrolytes contain 0.5 M of the reduced species (usually I-)
and 0.05 M of the oxidized species (I3

-), where the latter is
equivalent to a charge-carrier density of approximately 3× 1019

cm-3.
We now summarize the macroscopic transport models

relevant to DSSCs, distinguishing between those where large-
scale electrical fields,-∂φ(i,s)/∂x, are assumed to exist and those
where this is not thought to be the case. We emphasize that
these macroscopic electrical fields appear as a result of excess
carriers and current flow in the device (i.e., these fields need
not exist in dark equilibrium) and are consistent with local
electroneutrality.

7.1. Models with Large-Scale Electrical Fields.One
important model, in whichφs andφl differ at most by a constant
value, is characterized by a common macrohomogeneous field,
-∂φ/∂x, in the two phases. The problem of this approach in a
system with many (>2) species, such as the DSSC, is that the
equations are cumbersome and only numerical solutions are
possible. This model is well known in a simpler variant for two
oppositely charged carriers, known as ambipolar diffusion. In
ambipolar diffusion, electroneutrality is expressed asn ) p,
where p is the concentration of holes. The nonequilibrium
electrical field-∂φ/∂x builds up between moving carriers to
accelerate the slow species and slow the faster one, ensuring
that carriers of opposite sign move at the same velocity so that
no space charge will develop. However, the comparison of the
correct formulation of quasi-neutrality in the DSSC (eq 4) to
the electroneutrality condition (n ) p) indicates that this model
is just an empirical or first-order approximation for DSSCs.94,95

Actually, an important reason for the success of the DSSC is
that it is not subject to the conditionn ) p because of shielding
by the highly mobile ionic species in the electrolyte. In
heterogeneous solar cells with only two species, the condition
n ) p may reduce the ambipolar diffusion rate to that of the
lowest-mobility species, affecting the efficiency of the device.

In another class of models (as in the classical theory of battery
theories and porous electrodes74,88), a drift migration force for

electrons is due to the macroscopic electrical field in the
semiconductor phase,-∂φs/∂x, related to a position-dependent
band shift,φs(x), and φl ) constant. A calculation13 of the
Helmholtz potential in terms of the charging of surface states
shows that the resulting driving force increases the diffusion
(chemical potential gradient) driving force. However, the
analysis given in ref 13 suggests that the effect will be very
small.

7.2. Complete Shielding of Electrical Fields in the Two
Phases (Electron Diffusion Model).If the spatial variation of
φs(x) is neglected, then the external current will be determined
by the diffusion of electrons; ionic currents and counterions will
locally maintain the continuity of electrical current and quasi-
neutrality of charge but need not be explicitly considered. In
other words, the transport of the species in high and low Fermi-
level phases is essentially decoupled (in macroscopic terms)
owing to efficient electrolyte shielding. In two early papers,29,96

it was suggested that the diffusion of electrons is the dominant
transport effect in nanoporous electrodes. Subsequently, an
electron diffusion model was formulated,97accounting for the
photogeneration, transport, and recombination of electrons. An
excellent account of the aspects of this model is available.98

The electron diffusion model, a single carrier model having
the advantage of simplicity, provides a very convenient frame-
work for the discussion of transport features of DSSCs.
However, it is clear now that the model as originally formu-
lated97 is not sufficient to account for the observed features of
DSSCs. For instance, a crucial characteristic of any solar cell
description is the current-potential curve under illumination.
According to the electron diffusion model, the DSSCs can be
modeled by a diode equation,97 given by the sum of a constant
photocurrent and a recombination current that equals the dark
current (i.e., so-called superposition is valid). Indeed the diode
equation can be derived in a much simpler way without having
to consider diffusion at all.7 However, as mentioned before, the
simple diode model is known to fail for real DSSCs. At a given
potential, the dark current is much smaller than the recombina-
tion current under illumination.99 Furthermore, it was noted that
the increase of the current toward the more positive potential
is slower than exponential.100 The diode equation has to be
modified by an effective barrier height that depends on the
current.100 Very probably, a fundamental aspect for describing
the departure from superposition is to take into account the
variation of recombination mechanisms with the electrode
potential and the level of illumination, involving different
electron-transfer mechanisms through surface states and possible
changes in the electrolyte composition.101

Although steady-state techniques provide an overall view of
DSSC characteristics, another way to obtain detailed information
on the physical parameters related to transport and recombina-
tion is to use small perturbation techniques at a fixed steady
state. Frequency-based techniques such as intensity-modulated
photocurrent spectroscopy (IMPS)102,103 and electrochemical
impedance spectroscopy46,55have the advantage that frequency-
resolved spectra allow the separation of different physicochem-
ical processes. Using the diffusion model in the interpretation
of these techniques, it was found that both the effective electron
diffusivity, Dn, and the effective electron lifetime,τn, that are
measured become a function of the steady state.47,66,102,104One
is led to assume a variety of electronic states in the nanoporous
network, including both extended transport states and localized
band-gap states.

Although short-range electron displacement in trap-limited
recombination has been described in terms of the CTRW
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formalism,71 by far the most widely used approach to long-
range electronic motion, involving macroscopic transport equa-
tions, is the multiple trapping (MT) model. In this model,
diffusive transport through extended states is slowed by (de)-
trapping events, and direct hopping between localized states is
neglected. Several electrochemical and photoelectrochemical
techniques that probe the density of states in nanoporous TiO2

are consistent with an exponential band tail.44,75 The mobility
decreases rapidly below a certain value of energyEc defining
the transport states so that the motion of a bound electron is
limited by the rate of thermal excitations toE g Ec. MT
transport in nanoporous semiconductors and DSSCs has been
described by a number of authors.66,102,105-107

In the MT model, the effective electron diffusion coefficient
Dn that is measured by small perturbation kinetic techniques
(interpreted recently as the chemical diffusion coefficient of
electrons108) contains a factor (∂nL/∂nc) due to trapping and
detrapping events,109

whereD0 is the diffusion coefficient in the trap-free system,nc

is the density of conduction-band electrons, andnL is the density
of localized electrons in traps. The result in eq 5 (and the
simplified expressionDn ) (∂nc/∂nL)D0 for ∂nL/∂nc . 1) can
be derived from the condition of quasi-static equilibrium
between free and trapped electrons.110 The depth of the
exponential distribution is characterized by a tailing parameter
Tc with units of temperature in the dimensionless coefficientR
) T/Tc.48,71 Thus, eq 5 implies a dependence of the typeDn ∝
nc

1 - R.
Concerning the electron lifetime variation with Fermi level

(cf. section 6), it was shown69 that MT implies a similar (but
inverse) dependence as in eq 5 for the lifetimeτn ) (∂nL/∂nc)τn0,
whereτn0 is the free-electron lifetime related to interfacial charge
transfer. Therefore, for the case of the exponential distribution
of traps,τn ) Anc

R - 1τn0, whereA is a constant. In this model,
the product ofDn andτn compensates for the trapping factors
(∂nL/∂nc).110 Experimentally, a compensation between the
lifetime, τn, andDn dependence on incident light intensity has
been reported,66 implying a nearly constant diffusion length for
electrons,Ln ) xDnτn.

The evidence accumulated so far for a dependence of the
effective diffusion coefficient (measured by kinetic techniques)
on the Fermi-level position is compelling.66,102,104-106 As
discussed above, the classical MT model provides a simple
qualitative explanation for the feature. However, the possibility
of an electron-hopping process should not be excluded. The
heterogeneous configuration of DSSCs and the variety of
possible recombination mechanisms seriously complicate the
separation of different effects influencing the experimental
results because it is usually not possible to change one parameter
without affecting others.

8. Conclusions

Photovoltaic action has been described as the combination
of several factors: the creation of excitation by light absorption,
charge separation, and extraction of carriers. Selective contacts
to the light absorber realize the step of charge separation and
in many cases also the function of transporting the electronic
species in spatially separated phases that maintain the splitting
of Fermi levels obtained at the absorber. The selectivity of

contacts to different carriers may be based on potential barriers
at interfaces but also on the kinetic conditions of interfacial
charge transfer. In the dye-sensitized solar cell, the nanostruc-
tured semiconductor is insulating in the dark; the effect of light
is to increase the number of electrons in this phase, promoting
an increase both of the chemical potential and the electronic
conductivity. This chemical potential increase is the key step
in the transmission of free energy (photovoltage) between the
light absorber (dye) and metal contact. Another important point
is the conversion of chemical to electrostatic potential with
regard to electrons at the TiO2/substrate interface. Heterogeneous
converters such as dye solar cells have the disadvantage that
carriers in the different phases have a large chance of returning
from a high to a low Fermi-level phase in a recombination
process. Strategies for physically separating the hole- and
electron-carrying phases from each other, while permitting the
necessary electronic communication through the dye, seem to
be a promising route for improving the conversion efficiencies
of dye-sensitized nanostructured solar cells.

While this manuscript was being completed, an interesting
publication appeared that examines the common properties of
dye-sensitized and organic solar cells,111 with conclusions that
are similar to some of ours, especially concerning the kinetic
requirements for the selectivity of contacts in heterogeneous
solar cells.
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